Multiple sclerosis (MS) has been classically regarded as a disorder of the white matter of the central nervous system (CNS). However, early alterations of the neuronal compartment occurring in this disorder are partially independent of demyelination. Soluble inflammatory cytokines and glutamate have been proposed as major determinants of neurodegeneration in MS as well as in its experimental animal model, namely experimental autoimmune encephalomyelitis (EAE). The relationship between these two major determinants has been largely elusive. In recent years, unexpected connections have emerged between immune cells and soluble cytokines on the one hand, and synaptic transmission and neurodegeneration on the other. Neurophysiological recordings have recently shown that glutamate-mediated excitatory postsynaptic currents are enhanced during the early phase of EAE, because of altered expression and phosphorylation of AMPA receptors and the downregulation of the immediate early gene Arc/Arg3.1. The synaptic alterations occurring during neuroinflammatory diseases are largely mediated by inflammatory cytokines released from infiltrating T cells and from activated microglia, and are responsible, at least in part, for irreversible dendritic pathology. Collectively, the data covered in this review article suggest that CNS-confined inflammation in MS is associated with the release of soluble molecules, which are capable of altering excitatory synaptic transmission and, finally, of stimulating secondary neurodegenerative gray matter pathology.
In recent years, the classical dichotomy between inflammatory and degenerative diseases of the central nervous system (CNS) has been challenged by a series of discoveries showing that the two processes coexist both in degenerative disorders -such as Alzheimer's disease or amyotrophic lateral sclerosis -and in classical inflammatory disorders, such as multiple sclerosis (MS). 1, 2 Multiple sclerosis is the most common cause of neurological disability in young adults, believed to follow immunemediated aggression of the central myelin by blood-borne autoreactive T lymphocytes. In many cases, the clinical course of MS is characterized by recurrent episodes of neurological deficits in the early stages (relapsing-remitting MS (RRMS)), and by a progressive neurological decline after 15-20 years from the diagnosis (secondary progressive MS). 3 A minority of MS patients has a progressive course from the onset, with rare or nonexistent clinical relapses (primary progressive MS). 3, 4 Inflammatory demyelination of the white matter of the CNS is the primary pathological hallmark of RRMS, whereas gray matter atrophy and neuronal degeneration predominate in the progressive forms of the disease. 5 Recent discoveries, however, have led to a reconsideration of the perceived relationship between inflammation and neurodegeneration in MS, because it is now accepted that one process is not simply the culminating event of the other. Inflammation and neurodegeneration, in fact, seem to be intermingled rather than occurring in series in this disorder. Common molecular pathways bringing together the two pathological processes have, in fact, been described. 1, 2 Activated immune cells are able to damage neurons in the absence of any antigen specificity. 6, 7 Damaged neurons do trigger local CNS-confined (auto)immune responses. 8 Brain atrophy and cortical thinning, reduction in neuronal-specific markers, iron deposition and other gray matter abnormalities have been found in the inflammatory phase of MS (RRMS) subjects with conventional and advanced in vivo imaging techniques. Cognitive deficit has been described in a relevant percentage of MS patients already at the first episode of the disease (clinically isolated syndrome). 9 All together, these pieces of evidence support the concept that gray matter and white matter alterations in MS patients might initially occur independently, as a result of CNS-confined inflammatory processes, and then evolve intermingled as neurodegeneration can be the consequence of primary neuroinflammation and vice versa. [3] [4] [5] To support this working hypothesis, it is noteworthy to mention that in addition to focal axon damage secondary to demyelination, and to retrograde, anterograde and transneuronal degeneration, axon transection can be induced by cytotoxic T cells as well as soluble molecules released by CNS resident (microglia) and invading (bloodborne mononuclear cells) inflammatory cells (e.g., axonspecific antibodies, complement, NO, oxygen radicals, proteases and eicosanoids). 10 Finally, neuronal damage in MS can also be due to acquired neuronal channelopathies, altered activity of sodium/calcium exchanger, glutamatemediated excitotoxicity, intraneuronal calcium accumulation and inhibition of mitochondrial respiratory chain.
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Role of Glutamate in MS Neuronal Injury
Glutamate is the major excitatory neurotransmitter in the CNS, and its concentration at the synaptic cleft is finely regulated by multiple mechanisms, which include the glutamate-glutamine cycle and the activity of glutamate uptake and transport mechanisms. Altered glutamate metabolism resulting in excessive synaptic excitation has been convincingly associated with neuronal damage in many acute and chronic neurological disorders, through a process termed excitotoxicity. 12 Excitotoxic neuronal damage is therefore the result of abnormal intracellular ion accumulation flowing through NMDA and non-NMDA glutamate receptors, leading to membrane lysis and to the activation of fatal degenerative processes and dendritic apoptosis. 12 Also, metabotropic glutamate (mGlu) receptors have been claimed to modulate excitotoxic neuronal damage, as group I mGlu receptors (mGlu 1 and 5) have a preferential synaptic localization and shape both AMPA 13, 14 and NMDA signaling and toxicity, 15 whereas group II mGlu (mGlu 2 and 3) and group III mGlu receptors (mGlu 4, 6, 8) are preferentially located in presynaptic neuronal elements or in glial cells, where they can be both neuroprotective 15 or detrimental for neuronal survival. 16, 17 Early studies have identified the neurotransmitter glutamate as an important determinant of neurodegenerative damage in the course of MS. 18, 19 In fact, glutamate levels increase in the cerebrospinal fluid 20, 21 and in the brains of MS patients, 18, 19 whereas the AMPA, NMDA and kainate receptors are upregulated. 22 In addition, expressions of glutamate transporters are altered in MS [23] [24] [25] and in animal models of the disease, 26, 27 and the loss of glutamate transporters in cortical lesions correlates with microglial activation and synaptic damage. 28 Finally, overactivation of glutamate receptors causes MS-like lesions, 29 whereas glutamate receptor antagonists exert beneficial effects in experimental autoimmune encephalomyelitis (EAE) [30] [31] [32] [33] and in MS, 34 by limiting not only oligodendrocyte but also neuronal damage. 30, 31, 35 When administered at the onset of neurological deficits, various AMPA receptor antagonists (NBQX, MPQX, GYKI52466, GYKI53773) have been found to be capable of attenuating clinical decline, independently of any effect on CNS lymphocyte infiltration. 18, 19 The same was true for the NMDA receptor antagonists memantine, amantadine and MK-801, 27, 28 and for the inhibitor of glutamate transmission riluzole. 36 We have recently found that the in vivo blockade of AMPA receptors not only ameliorated the clinical course of EAE, but also preserved dendritic spine loss occurring in this model of MS. These results support the involvement of AMPA receptors in EAE-induced dendritic spine degeneration. 35 Furthermore, glutamate-triggered neurodegeneration might be favored by a parallel alteration of GABA transmission in MS brains, causing an imbalance between synaptic excitation and inhibition. Accordingly, a neurophysiological study has reported a marked brain hyperexcitability in MS patients, likely resulting from impaired GABA-mediated synaptic inhibition, 37 and preliminary evidence is also available in mice with EAE (D. Centonze, manuscript in preparation).
Alteration of Synaptic Transmission in Experimental MS
Activated leukocytes and microglia are the most accredited source of glutamate during inflammation of the CNS, 38, 39 whereas synaptic release has received some attention only recently. By means of conventional whole-cell patch-clamp recordings from single neurons, we recently addressed glutamate-mediated synaptic currents in corticostriatal brain slices from C57Bl/6 mice immunized with myelin oligodendrocyte glycoprotein 35-55 peptide to induce EAE. 35 We found that the duration of glutamate-mediated spontaneous and miniature excitatory postsynaptic currents (sEPSCs and mEPSCs) was increased in striatal cells in both the presymptomatic and clinical phases of the disease, as expected for enhanced excitatory transmission in these neurons. In particular, we found a slower decay phase of sEPSC and mEPSCs, whereas rise time and amplitude of these synaptic events were normal. Glutamate NMDA receptors were not involved in this alteration, which was entirely mediated by AMPA receptors. As the activity of AMPA receptors is known to be regulated by both the expression and phosphorylation states of specific receptor subunits, 40 we also measured the expression of the GluR1 subunit of AMPA receptors and its phosphorylation at the Ser845 residue. In isolated striatal postsynaptic membranes and in the whole dissected striatum, we found that both total GluR1 and GluR1-p-Ser845 expression were upregulated in EAE, whereas markers of presynaptic activity were normal. 35 These results suggested to us that postsynaptic sites of striatal neurons were exposed to excessive glutamate activity in EAE, possibly causing synaptic degeneration since the very early phases of the disease, as schematically depicted in Figure 1 . However, it is extremely unlikely that excessive AMPA receptor function is the only synaptic event leading to dendritic and neuronal degeneration in EAE brains, as many transmitter systems and receptor subtypes are altered in this disorder and in MS. Reduced signaling through cannabinoid CB1 receptors, for example, has been identified as an early synaptic change in EAE, 41 and this alteration might well contribute to dendritic pathology and neuronal loss. In fact, we have recently found that voluntary exercise can attenuate the clinical deficits of mice with EAE by preserving cannabinoid CB1-mediated transmission and dendritic integrity even in the absence of overt effects on glutamate transmission. EAEinduced abnormalities of glutamate-mediated sEPSCs were, in fact, still present in mice with EAE with access to a running wheel, although this therapeutic environmental manipulation
The link between inflammation and neurodegeneration in MS D Centonze et al was capable of reducing clinical score and dendritic spine loss in these mice. 42 Along with AMPA and NMDA receptors, mGlu receptors are also likely to contribute to glutamate transmission changes in EAE and in MS brains. For example, a significant reduction in the expression of mGlu 1 receptors has been reported to occur concomitantly with increased mGlu 5 receptors in the cerebellum of mice with EAE as well of patients with MS, 43 whereas both receptors increase in the context of MS lesions. 23 Also, mGlu 2, 3, 4 and 8 have been found to increase in active MS lesions, especially in reactive astrocytic and microglial cells. 23, 24 The impact of these complex adaptations on synaptic transmission and secondary neurodegeneration has not yet been explored, and it is difficult to predict, as both neuroprotective and detrimental effects could be postulated. Accordingly, mGlu 1 receptors are critically involved in AMPA-mediated long-term synaptic depression, 13, 14 implying that the dramatic downregulation of these receptors seen in EAE and in MS might favor AMPAmediated neuronal toxicity. In line with this hypothesis, treatment with the mGlu 1 receptor enhancer resulted in ameliorated motor performance in mice with EAE. 43 Increased signaling through mGlu 5 receptors might also be involved in the neurodegenerative damage of MS, as the activation of these receptors has been found to exacerbate NMDA-mediated excitotoxicity. 15 
Role of EAE-Specific Inflammatory T Cells in Synaptic Functioning
Under physiological conditions, T-cell trafficking from peripheral tissues to the brain is essential for CNS immunosurveillance from danger signals. Such immunosurveillance may also include the preservation of an appropriate synaptic transmission, which is essential for the physiological functioning of the CNS cells. As a matter of fact, it has been recently shown that inflammatory effector T cells can inhibit hippocampal long-term potentiation (LTP) in vitro. 44 In EAE, effector T cells activated in the periphery against myelin antigens and subsequently invading the CNS are considered as the primum movens of the experimental disease and, as shown by passive T-cell transfer experiments, do substantially contribute to clinical deficits that are caused by primary inflammation, followed by secondary demyelination and axonal damage. 3 Several lines of evidence suggest that T-cell CNS invasion might also considered as the first step in the chain of events leading to brain inflammation and secondary neurodegeneration occurring in MS patients. 39 , 45 Thus, we first investigated whether EAE-specific T cells were involved in the abovementioned synaptic transmission deficits seen in EAE.
In the presymptomatic and symptomatic phases of EAE, we found inflammatory infiltrates in the striatum and the cortex mainly composed by CD3 þ T cells. This indicates that not only the white matter but also the gray matter structures are infiltrated by these cells during experimental MS. After aseptically removing the spleens and lymph nodes from donor mice with EAE, we prepared suspensions of CD3 þ T lymphocytes and placed them onto a single brain slice obtained from normal mice, to see whether the activated T lymphocytes were able to replicate the synaptic alterations seen in EAE brains. EAE-specific CD3 þ T cells were indeed able to alter glutamate-mediated sEPSC kinetic properties in slices from control animals, in a way reminiscent of the defects seen in EAE brains. However, it was not only sEPSC decay time but also sEPSC rise time that was altered by Figure 1 Glutamate is released not only by excitatory synaptic terminals but also by infiltrating lymphocytes and by activated microglia in MS brains. Glutamate binds to and activates abnormally sensitive AMPA receptors, leading to synaptic and neuronal degeneration. Blockade of AMPA receptors preserves neuronal integrity and ameliorates the clinical course of mice with EAE
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Role of Activated Microglia in EAE-Specific Synaptic Alteration
The identification of CNS-resident astroglia and microglia as important components of innate immunity was indeed crucial to understand the role of inflammation in neuronal damage. Although reactive gliosis was considered as a well-known event solely accompanying both acute and chronic neuronal damage epiphenomenally, it is now becoming clear that this phenomenon is also of pivotal importance in regulating and instructing the harmful inflammatory response causing neuronal network derangement. On the one hand, activated astroglia can mediate both the protective and toxic effects during neurodegenerative diseases. 48 On the other, reactive microglia has an active role in the defensive attack against viruses and bacteria, but intense activation can also be detrimental for the survival of neighboring cells when this activation aims at clearing up apoptotic cells or neuron debris during neurodegenerative disorders. 49, 50 This dual role of glial cells in the CNS during inflammatory and neurodegenerative disorders has prompted us to hypothesize that infiltrating CD3 þ T cells might activate, through the release of proinflammatory cytokines, endogenous microglial cells, which in turn could contribute to the synaptic alterations we have observed in mice with EAE. To test this hypothesis, we stimulated microglial primary cell cultures with a cocktail of proinflammatory Th1 cytokines (tumor necrosis factor-a, TNFa; interferon-g, IFNg and interleukin-1b, IL-1b), which are released within the striatum during acute inflammation. 35 We next tested whether or not activation of microglia in the striatal areas might lead to synaptic transmission alterations. Incubation of control brain slices with in vitro activated microglia increased the duration of sEPSCs by slowing their decay phases. These results mimicked the synaptic deficits seen in mice with EAE. We also found that activated microglia deposited on slices from mice with EAE did not further increase the sEPSC decay phase, indicating that EAE occluded the effects of activated microglia on this parameter. 35 These results support the conclusion that microglia, activated by effector T cells invading the brain, are responsible for synaptic alterations in EAE (Figure 2) .
Role of Activated Microglia in Neuronal Damage
Inflammatory processes occurring within the CNS trigger a rapid activation of microglia. This activation is evident in situ as such cells show a rapid morphological transition from resting 'ramified' cells to amoeboid-activated cells. 51 Morphological changes are also accompanied by functional changes as reactive microglia enter in a proliferating phase leading to a substantial increase in their number within the inflamed tissue 52 ( Figure 1 ). This activation entails a multitude of metabolic changes sustaining the ability of these cells to function as phagocytes and antigen-presenting cells. In mice with EAE, we detected the first cohort of proliferating microglial cells preceding the onset of the disease, 35 reaching a peak of proliferation at 20 days on immunization (d.p.i) and declining during the chronic phase of the disease. We further confirmed using short labeling protocols based on acute 5 0 Iodio 2 0 deoxyuridine administration that microglia proliferate actively during the acute but not the chronic phase of EAE (L. Muzio, personal communication). We can only hypothesize, at this stage, that a wave of microglial proliferation is followed by a wave of programmed cell death, 53 possibly as a compensatory feedback phenomenon.
Whether or not activation of microglia during the acute phase of EAE is sufficient to induce neuronal cell death is still a matter of debate, as previous studies have convincingly shown that acutely activated microglia produce potentially toxic inflammatory mediators, but chronically activated microglia enhance growth and survival of neural progenitor stem cells and produce immunosuppressive cytokines. [54] [55] [56] At this stage, we can only speculate that neurons may undergo programmed cell death at later time points during the course of EAE. Although several studies are in line with this idea, 45, 46, 57, 58 the nature of the mechanisms underlying this phenomenon is not well understood. Nevertheless, the morphological and functional changes of microglial cells observed in mice with EAE ( Figure 3) clearly support the ensuing idea that activated microglia exert a key role in determining synaptic alterations and possibly neuronal damage. It is also important to note that the relationship between microglial cells and synaptic transmission and damage in MS seems to be particularly complex, as activated microglia in the gray matter, similar to T cells, both regulate and are regulated by glutamate signaling. Activated microglial cells, in fact, are capable of releasing 57, 58 and of metabolizing glutamate, 57, 58 and in regulating the sensitivity of neuronal AMPA receptors to synaptically released glutamate. 57, 58 In addition, stimulation of mGlu 2 receptors (which are upregulated in MS lesions 57, 58 ) enhances microglia-dependent TNFa release and neurotoxicity, 16, 17 whereas activation of microglial mGlu 3, 4 and 8 (also upregulated in MS lesions 57, 58 ) has the opposite effect. 45 Finally, in white matter MS lesions, microglia/macrophage activity is essential to clear myelin debris, thus promoting remyelination. 59 
Role of Inflammatory Cytokines in Synaptic Alteration
Many soluble mediators are released by activated T lymphocytes and microglia during neuroinflammatory diseases, and have the potential to influence synaptic transmission. [60] [61] [62] [63] In particular, TNFa, IFNg and IL-1b are all potential candidates for such an action, as they are released in response to microglial activation, 49, 50, 64, 65 increase in the CSF of MS patients, [66] [67] [68] and have been shown in vitro to enhance excitatory synaptic transmission 60, 62, 69 and downregulate
The link between inflammation and neurodegeneration in MS D Centonze et al GABA synapses. 60 As a matter of fact (i) IL-1b increases glutamate NMDA receptor-mediated synaptic transmission, 70, 71 and also regulates AMPA receptor expression and phosphorylation; 62 (ii) TNFa increases AMPA receptor expression and synaptic efficacy, an effect also relevant for synaptic plasticity; 60, 61 and (iii) IFNg has been shown to induce excitotoxic damage by enhancing AMPA receptor activity through the formation of a neuron-specific, calciumpermeable receptor complex with the GluR1 subunit of AMPA receptors. 69 We have identified TNFa as a critical molecule involved in the synaptic alterations seen in mice with EAE, as we found that TNFa mRNA content increased in EAE brains in parallel to microglial activation. 35 Incubation of control brain slices with TNFa mimicked the effects of EAE and of activated microglia on sEPSC kinetic properties, by increasing their decay time and duration. Furthermore, as in the case of the activated microglia, TNFa administration failed to alter other parameters of glutamate transmission, and did not increase further sEPSC duration in slices from mice with acute EAE. Together, these data suggest that TNFa has the potential to promote dendritic spine loss in EAE brains 35 through an excitotoxic mechanism. Direct evidence of this process is, however, still lacking.
Finally, to confirm the role of TNFa in the synaptic effects of activated microglia, we performed recordings in slices incubated with both activated primary microglia and TNFR-Ig, blocker of the activity of ambient TNFa. In these experiments, a blockade of TNFa signaling fully prevented the alterations of sEPSCs induced by microglia, suggesting that, at least in vitro, the synaptic effects of microglia are mostly mediated by the TNFa released. 35 It is likely, however, that in the in vivo condition, activated microglial cells exert a more complex neuromodulatory action, as they are able to release glutamate itself, 72 together with many other secreted molecules (such as IFNg and IL-1b), which can further modulate the sensitivity of both AMPA and NMDA receptors to their endogenous ligand. 49, 50, 64, 65 
Role of Inflammatory Cytokines in Neuronal Damage
The inflammatory milieu has often been regarded as tout court hostile to neural cells, and proinflammatory cytokines are considered toxic for neurons and oligodendrocytes. This view has been challenged by newly introduced concepts such as the protective autoimmunity 73 and the shift of sense of cytokines during the inflammatory reaction 74 underlying the existence of a tissue-protective role for cytokines during recovery from neuroinflammation. Still, at least during the acute phase, where the inflammatory reaction has the main aim of eliminating the alien from the target tissue, the damaging role of cytokines prevails. To this respect, TNFa is paradigmatic. Astrocytes activated by TNFa induce apoptotic oligodendroglial death in vivo 75 and, in turn, activate the cerebral endothelium. Microglial cells produce TNFa in the CNS and express as many other CNS cell types including oligodendrocytes, both p75 and p55 receptors. 76 It is in fact believed that in these cells TNFa acts as an autocrineparacrine growth factor. Brain endothelial cells do not produce TNFa but express both the p75 and p55 receptors, 77 which, when engaged, determine increased expression of adhesion molecules, 78 or determine the release of soluble factors (i.e., prostaglandin E 2 ) active in the brain parenchyma. 79 In the white matter, however, TNFa is also capable of exerting beneficial effects in experimental MS, as it promotes remyelination by stimulating the proliferative activity of oligodendrocyte precursor cells through TNFa-receptor-2. 80 A neurotoxic role has also been indicated for other prototypical cytokines such as IL-1b, IL6 and IFNg, 81 although it is unclear whether this effect is direct or mediated by other molecules such as reactive oxygen species or glutamate.
Role of Arc/Arg3.1 Gene in CNS-confined Inflammation and Synaptic Changes
The immediate early gene Arc/Arg3.1 is found in the postsynaptic area where it is able to regulate the AMPA receptor trafficking 82 and to contribute to the longer phases of LTP. 83 Several lines of evidence suggest that its expression is under the control of both the NMDA and AMPA receptors. Indeed, NMDA receptor activation increases its expression levels, whereas AMPAR activation induces its downregulation. 84 However, Arc/Arg3.1 expression is also controlled by extracellular signals such as brain-derived neurotrophic factor (BDNF). Indeed, the Arc/Arg3.1 mRNA levels within the granule layer of the dentate gyrus are dramatically upregulated on BDNF brain infusion, 85 thus suggesting that diffusible signals may also exert a crucial role in controlling the neuronal function.
As the tissue-specific inflammation associated with EAE is characterized by the expression in situ of a broad number of cytokines, we studied whether the expression levels of Arc/ Arg3.1 may be regulated by these molecules. In a first experiment, we evaluated Arc/Arg3.1 mRNA expression levels by using in situ hybridization. In mice with EAE between 20 and 30 d.p.i., Arc/Arg3.1 mRNA levels appeared unchanged within the cerebral cortex and the hippocampus but was dramatically downregulated in the striatum. 35 Although the sensitivity of this technique is sufficient to detect small differences in mRNA gene expression, the Arc/Arg3.1 mRNA levels were also evaluated by real-time PCR on striatal microdissections. This analysis confirmed the previous result and showed an approximately 50% reduction in the Arc/Arg3.1 mRNA levels within striata derived from mice affected by EAE.
The inflammatory milieu, which acts within the CNS of mice with EAE, contains a broad number of molecules secreted in part by CNS-infiltrating blood-borne derived cells and in part by activated microglial cells and astrocytes. Thus, we tested whether prototypical Th1 cytokines (IFNg, TNFa and IL-1b) can modulate the Arc/Arg3.1 mRNA expression on primary neuronal cultures. Within a few hours of administration, these cytokines were capable of significantly reducing the Arc/ Arg3.1 mRNA, suggesting a new role for proinflammatory cytokines in controlling the expression of an immediate early gene.
The dramatic downregulation of Arc/Arg3.1 seen in EAE as a consequence of the proinflammatory release by activated microglia prompted us to hypothesize an active role of this early gene in controlling synaptic transmission during experimental MS. Our hypothesis was supported by several lines of evidence. Both the mRNA encoded by the Arc/Arg3.1 gene and the Arc protein accumulate in dendritic spines, where they interact with actin in the control of synaptic transmission. 86 The interaction of Arc with dynamin and endophilin, two proteins known to have a role in endocytosis, has also been described. 82 Arc and endophilin associate with vesicles that traffic AMPA receptors, and expression of Arc transgene increases the rate of surface AMPA receptor endocytosis and reduces the level of surface AMPA receptors. 87 Furthermore, Arc reduces AMPA-mediated sEPSCs, whereas Arc/Arg3.1 overexpression results in a cell-wide
The link between inflammation and neurodegeneration in MS D Centonze et al decrease in the surface expression of GluR1-containing AMPA receptors. 87 By controlling the strength of AMPAmediated excitatory transmission, Arc expression has an essential role in the induction of homeostatic plasticity, 87 ,88 a form of long-term synaptic adaptation believed to compensate for Hebbian forms of plasticity (LTP and LTD), by scaling neuronal output without changing the relative strength of individual synapses. 89 All these data might indicate that the alterations of sEPSCs seen in mice with EAE during Arc/Arg3.1 downregulation and in response to TNFa reflect the induction of homeostatic plasticity mechanisms, and establishes a strong link between long-lasting synaptic changes and dendritic degeneration in experimental MS.
Conclusions
The effects of soluble mediators, such as cytokines in controlling synaptic activity, have previously been described variably. 61 The consequences for human physiology and pathology are however difficult to extrapolate, despite the extreme interest of these findings. As described above, the effects of T cells, microglia and secreted inflammatory cytokines can in fact be both detrimental and neuroprotective, depending on the duration of the inflammatory process and on its preferential location in the white or gray matter. The case of BDNF appears to be particularly significant in this respect. BDNF is in fact released by activated T cells, microglia and astrocytes in MS lesions, where it promotes remyelination and neuronal and oligodendroglial survival. [90] [91] [92] On the other hand, increased BDNF release in the gray matter by immune cells and by neurons might favor excitotoxic neuronal damage during the acute phase of neuroinflammatory diseases, as BDNF increases glutamate release 93, 94 and controls AMPA and NMDA receptor phosphorylation, expression and trafficking. 95, 96 It also favors LTP of excitatory transmission, whereas it preferentially inhibits GABA release. [95] [96] [97] Together, these findings indicate that BDNF exerts complex and opposite effects in the white and gray matter of patients with MS. According to this conclusion, increased BDNF release has been claimed to mediate the therapeutic effects of MSspecific medications on tissue destruction in white matter inflammatory lesions, 59 whereas MS subjects with impaired BDNF signaling exhibit less severe gray matter atrophy. 98 The investigation of the cross-talk between the immune system and neurons using synaptic activity, glutamate excitotoxity, synapse and spine integrity, and neuron-glia interaction as primary readouts has to be taken as a step forward, and put in the context of experimental and human pathology. The results that we have presented in this review article are mainly obtained in a mouse model of MS, but they already have potential clinical consequences, in terms of comprehension of pathogenic mechanisms and in the possible identification of novel therapeutic targets for MS. The synaptopathy that we and others described to be concomitant to, and caused by, neuroinflamation may constitute, when prolonged enough and pushed beyond a possible point of no return, the long searched for link between inflammation and neurodegeneration in chronic diseases of the CNS such as MS. It may also help to explain, along with many other pathological events, the early cognitive deficits seen frequently in some MS patients, and may explain the correlation that has been described 5 between the amount of inflammation in the early phases of the disease and the rate of progression in the late, so-called neurodegenerative, phase.
We can further speculate that synaptic changes occurring early during immune-mediated inflammatory demyelinating disorders of the CNS -caused by pro-inflammatory molecules released by activated blood-borne or CNS-resident immune cells -might also contribute to limiting plastic compensatory 'protective' changes (e.g., driven by developmental molecules or stem/precursor cells) occurring within neural networks. This can be considered as a contributing phenomenon to foster the transition of CNS-confined inflammatory neurological disorders into chronic irreversible and progressive neurodegenerative disorders.
We firmly believe that new investigations in the forthcoming years will shed further light on the link between inflammation, synaptic transmission and neuronal damage, and that soon these results will be taken to the bedside of patients affected by neuroinflammatory disorders.
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